The previous work done on the physiology of the lateral line system of fish falls into two main phases. The early workers, Lee (1895) , Parker (1902 Parker ( , 1904 , and Parker and Van Heusen (1917) investigated the behavior of fish when the lateral line organs and/or other sense receptors had been destroyed. Responses to various stimuli were recorded. Parker and Van Heusen decided that catfish could hear tone up to 688 cycles per second with the ear but that the lateral line organs responded only up to 344 cycles per second.
system in the head region of Raja. Sand and Hoagland used tuning forks and obtained responses to tone produced in the water by this means.
The mechanism whereby fish hear sounds is of particular interest in view of the work done during the war and now being continued on the production of sound by fish (Fish, 1948) . This paper reports an investigation of the response of the lateral line to tone at a known intensity level and frequency by recording the electrical response of the lateral line nerve. It also describes observations made on the response to certain other stimuli.
Method
Preparation.--The majority of the work was done on Fundulus majalis and Fundulus heteroclitus because of their ready availability, ease in handling, and general high vitality. Fish varying between 1 and 4 inches in length were used, most of the results being obtained from specimens about 3 inches long. The fish were freshly pithed and pinned to a board. Two scalpel cuts about ½ inch long and t of an inch to either side of the ventral branch of the lateralis vagi (Denney, 1937-38) were made immediately behind the operculum. A very superficial transverse cut was made, care being taken not to damage the nerve, and then under low power of the dissecting microscope the skin was carefully freed and stripped back towards the tail leaving the nerve dearly visible under a small amount of muscle tissue. Using very fine glass points (essential to this work) the nerve was then freed for a distince of about ~r of an inch, cut, and lifted onto the surface of the muscle layer.
When the nerve had been freed the fish was pinned by its head to a wax block with a sloping face. The block was placed in a bowl of sea water so that the head and the exposed nerve were out of the water and the remainder of the fish, completely intact, hung down into it. The bowl was placed on sponge rubber to eliminate external vibrations. Electrodes were then placed in position and the nerve lifted[ onto them. Sometimes strong activity was immediately obvious but in other preparations little was seen above the amplifier noise level. It was usually found that the strength of the pulses increased'in the hour or two following the dissection, probably as the nerve dried and left less shunting tissue, very weak pulses often increasing to a hundred or more microvolts. Sometimes it was necessary to cut the skin further back and dissect out more nerve until significant activity was obtained. To reduce the spontaneous discharge so that the extra pulses due to a stimulus could be dearly seen on the film record, scales were removed or the nerve was teased out to eliminate some of the fibers. Frequently the spontaneous activity would die down during an hour or so leaving strongly reacting receptors and fibers still operative. The preparation was moistened from time to time with isotonic solution made up to the formula given by Schriever (1934-35) .
Electrical Recording Teclmique.--A balanced input preamplifier was used in conjunction with a Dumont type 274 A oscilloscope for detecting action potentials. A blue trace oscilloscope was wired in parallel with the green tube of the Dumont unit for photographic purposes. A loudspeaker was also used. Electrodes were of the nonpolarizing wick type shielded to within an inch of the tips.
Stimulation.--To stimulate the lateral line receptors a number of methods were used. 1. Tone supplied by an audiooscillator and amplifier was applied to the water by means of a telephone earpiece. The a.c. potential across the telephone coils was measured and used to calculate the levels of sound intensity in the water from a calibration of the telephone earpiece done for us by a member of the Woods Hole Oceanographic Institute against a calibrated hydrophone. The telephone was enclosed in a rubber bag for some tests and in others wasplaced in a beaker of water which stood in the sea water in which the fish was hanging. The beaker prevented the passage of very low frequency pressure waves from the telephone but did not greatly reduce the intensity of audible sound waves.
2. Vibrations caused by falling drops of fluid were employed as stimuli. Water from a dropper was made to fall on the surface of the water near the specimen being tested. This was found by calculation from measurements taken using a piezoelectric pick up to give a pressure of 4 dynes per sq. cm. near the preparation. When the drop fell on a floating cork, tone bursts at 250 cycles per second at an intensity of 20 dynes per sq. cm. were produced by the resonance effect.
3. To reproduce a stimulus of a natural kind, cuuner, minnow, and the two species of Fundulus of various sizes were permitted one at a time to swim about in the bowl of sea water in which the preparation was suspended. The fish were allowed time to so accustom themselves to their surroundings that they were moving quietly about or were merely resting with only slight movements of the pectoral fins before the effects of their movements on the test preparations were assayed. The species used have very different swimming movements.
FIG. 1.
A, spontaneously occurring nerve impulses in lateral line nerve of Fundulus.
B, impulses produced by nerve when tone burst is applied although spontaneous activity had ceased.
C, extra impulses caused by tone above a background of spontaneous activity. D and E, progressive increase in number of fibers firing as stimulating tone is increased steadily in strength. Base line width is proportional to stimulus strength (see text).
RESULTS
Tone Stimulus.--Sixty fish were used, mainly Fundulus heteroclitus, but also a few Fundulus majalis. Spontaneous activity of the lateral line nerves was found in the majority of cases but where it was not the fish also did not react to water movement stimuli and there were usually grounds for suspecting that damage had been done to the nerve. Fig. 1 A is an example of the spontaneous activity of a freshly prepared nerve. It shows the tendency to rhythm in the discharge which has been reported by Hoagland to occur in catfish. This effect was sometimes very noticeable on the loudspeaker but was not always present. Figs. 1 B and 1 C show the results of stimulating tone. In Fig. 1 B spontaneous activity had decreased to almost zero although strong reaction to a stimulus was possible. In Fig. 1 C reaction to a stimulus is visible above a strong background of spontaneous firing. Using oscillograph tracings with varying amounts of background activity in them it was possible in 30 cases to obtain definite response to tone from 15 cycles per second up to 200 cycles per second; in one case a definite response was obtained at 300 cycles per second but above this frequency no response was ever elicited. The level of tone used was approximately 20 dynes per sq. cm. This level of sound is of the same order as that found in the sea near the shore as background noise due to the water movement and other causes.
Some work was done with a stimulus 20 decibels lower than this intensity or 2 dynes per sq. cm. At the lower frequencies particularly around 20 cycles per second responses frequently could be obtained but we were not often able to obtain a response above 60 cycles per second at this level. Because of the usual background of spontaneous activity and the sensitivity of the receptors to external noise it was seldom possible to obtain a figure for threshold stimulus level and no reliable figure has been arrived at.
Figs. 1 D and 1 E show the effect of increasing the strength of stimulus from a level below which no fibers are reacting. In these tracings the stimulus tone has been fed to the oscilloscope as well as to the telephone so that it appears on the record to form a noise level out of which the pulses rise. The width of the base line thus indicates the strength of stimulus. It is seen that as the stimulus strength increases more and more fibers are caused to fire. In some fish it was found that with a sufficient strength of stimulus it was possible to synchronize the nerve impulses with the stimulating tone. This was done effectively at frequencies up to 200 cycles and was seen very easily with a fast sweep on the oscilloscope. Because of the limitations on film speed of our camera it could not be photographed satisfactorily at these frequencies. Figs. 2 A and 2 B show the effect taken at 40 and 75 cycles respectively, with a rather distorted stimulating tone. Fig. 2 C shows the same effect at 180 cycles but not as clearly. In some preparations where several receptors were active it was possible to see that several fibers were firing synchronously with the stimulating tone. In others several fibers would be synchronized while others presumably were firing spontaneously in a manner unrelated to the phase or frequency of the stimulating tone. In a few cases it was possible to use such strength and frequency of tone that spontaneously firing fibers were brought into synchronism with it. The trace showing nerve impulses synchronized with tone could be steadied on the oscilloscope face in some cases for a few minutes. falling drop stimulus. In Fig. 3 A spontaneous activity and response have been decreased until only three fibers or groups of fibers having very similar apparent potentials are firing. It appears that only the fibers having the intermediate level of output are responding to the stimulus which was the tone burst due to the drop falling on the cork. In Fig. 3 B an inhibition of the spontaneous activity after the first response to the drop is seen. Following the inhibition a second burst of activity occurs when the slow surface wave reaches the fish after the reverberations at 250 cycles per second have ceased. The pressure intensity of the drop stimulus was of the same order as that of the tone from the telephone and our use of the drop was mainly in order to check the values used for the level from the telephone. Similar sensitivities of the preparation to the two stimuli were found.
Swimming Fish as a Stimulus.--When fish were permitted to swim about in the bowl in which the preparation was hanging their movements caused strong activity of the lateral line nerve. Fig. 3 C shows the disturbance caused as a
Fundulus majalis swims a few inches away from the preparation. The three types of fish have widely different swimming rhythms which were reproduced as different and distinguishable patterns of impulse bursts in a sensitive preparation.
Reflex as Self-Stimulation.
--There appears to be a very sensitive spinal reflex in response to a very light touch of a single scale with a glass point or even a cotton thread. The tail movements produced were towards the surface being touched and are presumably an avoiding mechanism. This reflex is not present immediately after pithing but appears in 10 or 15 minutes. It was accompanied by strong activity of the lateral line nerve. Other workers have reported that when they bent a fish's tail stimulation of the lateral line occurred.
Fro. 3. A and B, extra impulses occurring when water drop falls near preparation. Note inhibition of spontaneous activity following extra impulses in B.
C, pattern of nerve activity in which lee fish swims near preparation presumably similar to that often occurring under natural conditions. D, spontaneous activity of lateral line nerve of Toadfish.
Olher Fish.--Other species as they became available were tested for spontaneous activity which was found to be present in a number of cunner (Taulogolabrus adspersus) in two scup (Strotonus chrysops), in two tautog (Tautoga onitis), in Monidia in one rudder fish (Seriola zonata), and in toadfish. Fig. 3 D shows spontaneous activity from the lateral line nerve of toadfish. This hardy species gave strong activity for several hours even when the skin was completely dry. None of the above fish was tested for reaction to tone stimuli but touching or stroking produced extra responses. None appeared to be as sensitive to external vibrations as Fundulus.
